To evaluate ecological risks and existing forms of heavy metals in the Jialu River of China, sediments samples were collected from 22 sites along this river. A BCR-sequential extraction procedure was applied to analyse the chemical speciation of heavy metals (i.e., Cr, Mn, Co, Ni, Zn, Cu and Cd) in sediment samples, including acid extractable, reducible, oxidisable and residual fractions. The geo-accumulation index, risk assessment code and enrichment factor were used to evaluate the pollution situation of these heavy metals. The results showed that the speciation of Cr was mainly associated with the exchangeable fraction with a mean percentage of 54.23%. Mn and Zn mainly occurred in the reducible fraction, accounting for 42.72% and 37.71% of the total contents, respectively. Co, Ni, Cu and Cd were mainly associated with the residual fraction with mean percentages of 58.75%, 59.02% and 48.21%, respectively. The sediment samples in the lower reach had higher heavy metals levels, and Cd showed a considerable risk relative to other metals.
Introduction
With rapid social economic growth, industrialisation and urbanisation, large quantities of industrial wastewater and domestic sewage without treatment or after uncompleted treatment have been directly into the rivers, resulting to the elevation of heavy metal level in the aquatic ecosystem (Dhanakumar et al., 2015) . After being discharged into rivers, heavy metals can cause sediment pollution through the interaction with suspended solids and depositing into the river bottom (Cheng et al., 2008) . The river sediments are a fundamental part of the aquatic environment, not only providing nutrients to the river for a variety of organisms, but also retaining toxic and hazardous substances (Bai et al., 2002) . Unlike most organic pollutants, heavy metals are generally difficult to be degraded by various methods (Ayyasamy et al., 2009) . When the external conditions change (e.g., salinity, temperature, and pH), heavy metals in sediments may be re-released into the water column, causing harm to aquatic organisms and further to human health by bioaccumulation and biomagnification through food chains (Farkas et al., 2007; Zhang et al., 2009 ). Many scholars believe that sediment is the indicator of water pollution and its environmental quality can reflect the degree of heavy metal pollution (Chapman et al., 1996) .
The Jialu River, an important branch of the Huaihe River, is the main flood and water logging drainage channel of Zhengzhou City. It is 256 km long with a basin area of 5,896 km 2 , originating from Xinmi County of Henan Province, flowing via Zhengzhou, Zhongmou, Weishi and Xihua, and then down into the Shaying River near Zhoukou City (Fu et al., 2011) . In recent years, heavy metal pollution caused by anthropogenic activities in this area has become an urgent problem. Its status is directly impacting the health and safety of the surrounding residents, since the deteriorated water quality will impact the local ground water and farmland. Our previous work has reported the total heavy metal concentrations in sediments of the Jialu River and higher concentrations have been found in upper reaches near Zhengzhou City, indicating that Zhengzhou City was the main pollution source and had major effect on the pollution of the Jialu River (Fu et al., 2014) . However, it is accepted that determination of the total concentrations of metals in sediments is not enough to predict the capacity of mobilisation for heavy metals. The environmental behaviour of heavy metals is critically dependent on their chemical forms, which influence their mobility, bioavailability, and toxicity to organisms (Choque et al., 2013) . Therefore, detailed information about the origin, pattern of occurrence, biological and physicochemical availability, mobilisation and transport of heavy metals is very important for the study of heavy metal pollution in sediments. The Community Bureau of Reference (BCR) procedure, proposed by the former Community Bureau of Reference, now Standards Measurements and Testing (SM and T), is an often used technique for determination and speciation of extractable heavy metals in soils and sediments, including acid extractable, reducible, oxidisable and residual fractions (Dundar et al., 2012; Ure et al., 1993) .
The present work has studied the distribution of heavy metals and their speciation in different fractions in sediments of the Jialu River determined by the BCR procedure. The primary objectives were: 1 to evaluate the ecological risk of heavy metals (i.e., Cr, Mn, Co, Ni, Zn, Cu and Cd) in sediments 2 to identify the crucial factors that impact the distribution of heavy metals 3 to determine the possible mobility and bioavailability of heavy metals.
Materials and methods

Field sampling
The sampling took place in September of 2012. Twenty-two sampling sites were distributed along the Jialu River. The sampling locations are shown in Figure 1 . Triplicate samples were collected from the left, middle and right points of the river, respectively, in each sampling site. Typically, the middle parts of sediment samples from each point were thoroughly mixed and sub-sampled to ensure the representation. Samples were put in polypropylene bottles, and transported to the laboratory avoiding any contaminations. The samples were air-dried at room temperature and sieved using a nylon sieve of 250-mesh. The final samples were kept in labelled polypropylene containers at ambient temperature before analysis. 
Sequential extraction and metal analysis
The detailed BCR procedure is shown in Figure 2 . After each extraction, supernatants were used to analyse metal contents by using inductively coupled plasma optical emission spectrometer (ICP-OES) (PerkinElmer, Wellesley, MA, USA). All analytical data were subject to strict quality control. The instruments were calibrated daily with the calibration standards. Blanks for extraction and analysis methods, were evaluated in duplicates with each set of samples. The relative deviation of the duplicated samples was < 5% in the batch treatments. Precision and accuracy were verified using BCR 701 standard reference material. The recoveries were accepted ranging from 90% to 110%. Source: Dundar et al. (2012) 
Risk assessment
Geo-accumulation index (GAI) the ecological risks of total heavy metals in sediments were assessed by using GAI method. The GAI method was proposed by Müller in 1969 (Müller, 1969 . It has been successfully applied for the risks assessment of heavy metals in soil, dust and sediment (Fu et al., 2013; Karbassi et al., 2008; Ong and Kamaruzzaman, 2009; Wei et al., 2009 ). The GAI, I geo , enables to classify the degree of heavy metal pollution by comparing determined concentrations with pre-industrial levels which can be calculated by the following equation:
where C n is the measured concentration of target heavy metal; B n is the corresponding background concentration of heavy metal. K is the background matrix correction factor (K = 1.5). The B n values of Cd, Co, Cr, Cu, Mn, Ni, and Zn used are the background values of Chinese continental crust (Tong, 1995) , which are 0. 055, 32, 55, 38, 780, 57 , and 86 mg/kg, respectively. The classification system of the degree of pollution by I geo is shown in Table 1 . The risk assessment code (RAC) was first presented by Perin et al. in 1985 for assessing the risk of sediment pollution in aquatic environment (Perin et al., 1985) . In the present study, the potential mobility of heavy metals from the studied sediments collected from the Jialu River was assessed using the RAC. The RAC mainly utilises the sum of exchangeable and carbonate bound fractions for assessing the availability of metals in sediments. Its classification is shown in Table 1 . The enrichment factor (EF) is the ratio of the abundances of a potentially enriched element with respect to a reference element, which can be used to evaluate the anthropogenic influences on the heavy metal levels in sediments (Simex and Helz, 1981) . Generally, Fe, Al and Mn are widely used reference metal elements, because they are abundant on Earth and have no concern of contaminations (Kamaruzzaman et al., 2008; Zhang and Liu, 2002) . In this study Mn was chosen as the normalising element and the EF can be calculated as follows:
where (C i /Mn) Sample is the ratio of target metal to Mn in samples and (C i /Mn) Background is the ratio of natural background value of metal to Mn. The assessment criteria are generally based on the EF values. If an EF value is between 0.5 and 1.5, it suggests that the trace metal may be entirely from natural weathering processes; if a value of EF is greater than 1.5, it shows that a significant portion of trace metal is derived from non-natural weathering processes, e.g., human activity (Klerks and Levinton, 1989; Zhang and Liu, 2002) .
Statistical analysis
The statistical analyses were performed using Microsoft Excel 2010 (Microsoft Inc., Redmond, USA) and PASW statistics 18.0 (IBM Corporation, Chicago, USA). Pearson correlation analysis (CA) and principal components analysis (PCA) were employed to analyse the inner relationships among elements. The 1 Kaiser-Meyer-Olkin (KMO) and Bartlett's test were introduced to evaluate the validity of PCA, and a > 0.5 value of KMO and significant Barlett's test were requisite before the PCA. (Fu et al., 2014) , the mean Cd concentration has significantly decreased by one order of magnitude. The concentrations of Cu, Ni and Zn have slightly decreased by 17.57%, 24.60% and 15.49%, respectively, while the Cr concentration increased by 15.54%. This indicates a decreasing tendency in the concentrations of total heavy metals in the Jialu River. During the past years, great efforts have been made by the Chinese government to treat the Jialu River, and some progress has been achieved in the prevention and control of water pollution in the Huaihe River basin. Higher concentrations of heavy metals were detected in the sediments of lower reaches (S15-S22), while relatively lower levels of heavy metals were found in the upper reaches (S1-S7) ( Table 2 ). The maximum values of Cr, Mn, Ni, Zn, Cu and Cd were distributed within S15-S22 and the minimum values of Cr, Mn, Co, Ni, Zn and Cu were found within S3-S7. However, the previous study in 2009 indicated higher concentrations of heavy metals were distributed in sediments from the upper reach of the river near Zhengzhou City (Fu et al., 2014) . This may be because the pollution controlling engineering in the Jialu River focuses on the Zhengzhou section, leading to the fast alleviation of heavy metal load in the upper reach. Heavy metal fractionation: the biological effect on living organisms and environmental behaviour of heavy metals in sediments is related not only to the total quantity, a greater extent is determined by the chemical speciation of heavy metals in the environment (Pueyo et al., 2004; Sastre et al., 2004) . The exchangeable fraction of metals is more mobile and therefore may be more bioavailable; the reducible fraction is typically taken as sorbing to Fe and Mn oxides; the oxidisable fraction which is released under oxidising conditions is considered to be less mobile or bioavailable, that is to say it is assumed to remain in the sediment for long periods and is not easily taken up by organisms; the residual phase represents metals embedded the crystal lattice of the sediment fraction and it is non-mobile and likely to be controlled by lithology (Dundar et al., 2012) . Studies indicated a strong correlation between metal concentrations in exchangeable fraction of soils as measured by BCR sequential extraction procedure and the bioenrichment by plants. For instance, Ahumada et al. (2011) observed an excellent correction (r > 0.9) between Zn in ryegrass plants and the labile fraction of Zn in soils. In another report, significant positive correlations (r = 0.923-0.996) were found between the contents of Cd and Mn in exchangeable fraction of soils and their concentrations in roots, stems, and leaves of the tea plant (Camellia sinensis) (Tokalıoğlu and Kartal, 2004) . The concentrations of four chemical speciation fractions of heavy metals in sediments of the Jialu River were determined and the results are summarised in Table 3 . As shown in Table 3 , the mean proportion of the four fractions for Mn in this study followed the order of reducible (42.72%) > residual (34.02%) > exchangeable (15.57%) > oxidisable (6.81%). The same order is found for Zn, i.e., reducible (37.71%) > residual (31.96%) > exchangeable (18.80%) > oxidisable (12.40%). The highest percentages of Cr, Co, Ni, Cu and Cd were associated with residual fraction, which were 77.90%, 58.75%, 59.02%, 43.93 and 48.21% of their total concentrations, respectively. This result is consistent with other reports (Rodríguez et al., 2009; Yang et al., 2009) . Among the analysed heavy metals, Cr had the highest percentage of residual fraction. This fraction of metals is strongly bound by minerals and does not represent environmental risks. Thus, Cr may show the lowest bioavailability.
Results and discussion
Metal concentrations
Based on the percentage of exchangeable fraction content, the mobility of heavy metals is in the order of Cd > Zn > Mn > Cu > Ni > Co > Cr. In the reducible fraction, the order can be seen in the follows: Mn > Zn > Cu > Ni > Co > Cd > Cr. In the oxidisable fraction, the order is as follows: Cd > Co > Cu > Cr > Ni > Zn > Mn. From above results we can make a conclusion that the migration ability of Cd is the strongest. Zn, Mn and Cu follow and they exhibited similar mobility. The lower mobility and bioavailability were found for Ni, Co and Cr, and these metals were hardly released from the sediment phase into the water compared with the other metals in the same environmental conditions.
Risk assessments
GAI, the calculated I geo of heavy metals in sediments are shown in Table 4 . The I geo of Mn, Co, Ni in all samples are negative, indicating that these metals in sediments are uncontaminated elements. The I geo of Cu in S16 and I geo of Cr and Zn in S15-S17 are between 0 and 1, which implies these sediments samples are slightly polluted by the three heavy metals. However, except in S13 and S20, all the sampling locations were polluted by Cd in some extent. Specially, in S15 and S16, the Cd pollution degree reached 3, i.e., moderately to strongly polluted. Therefore, Cd still showed higher risks in the sediments of the Jialu River and more attention should be paid to this polluting metal. Moreover, S15 and S16 showed relatively high pollution levels than the other sampling sites. Both S15 and S16 are located around power plants and sewage treatment plants, which might be the pollution sources. RAC: the percentages of heavy metals associated in the exchangeable fraction for all of the sampling sites are presented in Figure 3 . The RAC of Cr, Co and Ni in all the sampling sites of the Jialu River are within 1-10%, indicating that they are posing a low risk to the environment (Table 1) . Cu and Mn fall in medium risk category in all of the sampling sites. The RAC of Cd is within 31-50% in S11, indicating a high potential risk.
In the other sites, the RAC of Cd is within 11-27%, thus these sediments are at a medium risk. Although the total concentration of Cd in the sediments of the Jialu River was much lower than other metals, like Cr, Co and Ni, it showed relatively higher potential level of risk. For Zn, the RACs in the sediments collected from S15-S17 and S19 were 39%, 42%, 33% and 33%, respectively, showing that Zn posed a high potential risk to the environment in these sampling sites. In the other sampling sites, Zn posed a medium potential risk to the environment. The total concentrations of the studied metals decreased in the order of Mn > Zn > Cr > Ni > Cu > Co > Cd. However, the order of risk levels was as follows: Zn > Cd > Mn > Cu > Ni > Co > Cr. It shows that the level of environmental risk caused by metals is related not only to the total concentration, a greater extent is determined by the chemical speciation of heavy metals in the environment. So, detailed geochemical fractionation studies and total heavy metal concentration measurements are both needed to assess the sediment contamination by heavy metals. EF can indicate whether the metals are from natural weathering processes of rocks or from anthropogenic sources and reflect the status of environmental contamination (Zhang et al., 2007) . In the present study, the EF of Cr ranged from 0.61 to 1.27, EF of Co ranged from 0.45 to 1.93, EF of Ni ranged from 0.56 to 1.45, EF of Zn ranged from 0.60 to 2.66, EF of Cu ranged from 0.71 to 2.07, and EF of Cd ranged from 0.61 to 5.99 (Table 5 ). All the EFs of Cr and Ni are less than 1.5, suggesting that Cr and Ni posed no or very low potential risks in all the sediment samples. This result is consistent with the assessments of RAC and GAI. The EFs of Co, Zn and Cu in some sites are higher than 1.5, suggesting that these metal contaminations in these sampling sites are obvious. However, The EF of Cd is greater than 1.5 in most of the sampling sites, especially in S15 and S16, where the EF values reach 5.99 and 4.53, respectively. It indicates that Cd contamination is significant in the Jialu River. 
Source identification
CA and PCA are commonly used methods to evaluate spatial variations and identify possible pollution sources of heavy metals (Franco-Uría et al., 2009; Idris, 2008; Sakan et al., 2009; Yalcin and Ilhan, 2008) . In this study these techniques were also used to carry out source identification of the heavy metals in sediments of the Jialu River. To examine the relationship between the heavy metals, Pearson correlation coefficients have been estimated (Table 6 ). Significant positive correlations were observed between Cr-Ni (r = 0.58, P ≤ 0.01), Cr-Zn (r = 0.85, P ≤ 0.01), Cr-Cu (r = 0.49, P ≤ 0.05), Cr-Ni (r = 0.85, P ≤ 0.01), Ni-Zn (r = 0.63, P ≤ 0.01), Ni-Cu (r = 0.69, P ≤ 0.01), Ni-Cd (r = 0.55, P ≤ 0.01), Zn-Cu (r = 0.76, P ≤ 0.01), Zn-Cd (r = 0.80, P ≤ 0.01), and Cu-Cd (r = 0.56, P ≤ 0.01). High positive correlations between specific heavy metals in the sediments may reflect similar levels of contamination and/or release from the same sources of pollution Yi et al., 2011) . Mn is negatively correlated with Co (r = -0.43, P ≤ 0.05), reflecting different sources of Mn and Co. Notes: *correlation is significant at P ≤ 0.05; **correlation is significant at P ≤ 0.01.
PCA for heavy metals in sediments across the river was conducted to determine the degree of pollution by heavy metals from lithogenic action and anthropogenic sources. Table 7 shows the results of the factor loadings with a varimax rotation as well as the eigenvalues. There are two eigenvalues higher than one and these two factors explain 74.88% of the total variance. The first factor explains 53.47% of the total variance and loads heavily on all the metals except Mn and Co. Factor 2, dominated by Mn and Co, accounts for 21.37% of the total variance. The relations among these metals based on the two principal components are illustrated in Figure 4 . Cr, Zn, Cd, Cu and Ni have greater positive loadings in the first principal component, indicating their similar distribution patterns and sources. Their relationships are confirmed by the Pearson correction coefficients (Table 6 ). Based on these results, we conclude that Cr, Zn, Cd, Cu and Ni have a similar sources and Zhengzhou City may be the main releasing source for these heavy metals. The sources of Ni and Zn are mainly from electroplating industries and combustion of coals (Fu et al., 2014) . Cr can be found in stainless and alloy steels for auto parts (Yeung et al., 2003) . Cu is often used in car lubricants (Al-Khashman, 2007) . Cd mainly comes from some agricultural pesticides (Mandal and Suzuki, 2002) . Henan Province is a big agricultural province, and large quantities of farmland are distributed along both sides of the Jialu River. The excess use of pesticides may cause the heavy Cd pollution in this area. Mn and Co have greater loadings in the second principal component, but Co is positively loading and Mn is negatively loading. The Pearson correlation coefficient between Co and Mn is also negative (Table 6 ). In fact these two metal elements usually have totally different sources. Mn has origins from metal mining and smelting industries, while Co is related to traffic activities. 
Conclusions
This study investigated distribution of heavy metals (i.e., Cr, Mn, Co, Ni, Zn, Cu and Cd) and their speciation in different fractions in sediments of the Jialu River and evaluated their ecological risks and possible sources. The primary findings are summarised as follows:
1 The heavy metals existed in different combination states in the sediments of the Jialu River. Mn and Zn mainly existed in reducible fraction, averagely accounting for 42.72% and 37.71% of the total contents, respectively. Whereas, Cr, Co, Ni, Cu and Cd existed in residual fraction, averagely accounting for 77.90%, 58.75%, 59.02%, 43.93% and 48.21% of their total contents, respectively.
